Abstract-Wireless sensor networks constitute the platform of a broad range of applications related to national security, surveillance, military, health care, and environmental monitoring. The coverage of WSN has answered the questions about quality of service (surveillance) which can be provided by WSN. Therefore, maximizing coverage using the resource constrained nodes is a non-trivial problem. The coverage problem for wireless sensor network (WSN) has been studied extensively in recent years, especially when combined with connectivity and energy efficiency. In this paper we present a survey of coverage problem. And besides some basic design considerations in coverage of WSN we describe two challenges, namely, maximizing network lifetime and network connectivity. We also provide a brief summary and comparison of existing coverage schemes.
I. INTRODUCTION Advances in wireless communication and Micro
Electro Mechanical Systems (MEMS) have enabled the development of low-cost, low-power, multi-functional, tiny sensor nodes which can sense the environment, perform data processing and communicate with each other over short distances. Due to a wide range of potential applications including environment monitoring, object tracking, scientific observing and traffic control and etc., Wireless Sensor Network (WSN) have attracted a plethora of research efforts. A typical large-scale WSN generally consists of one or more sinks (or base stations) and tens or thousands of sensor nodes that organized themselves into a multi-hop wireless network and deployed either randomly or according to some predefined statistical distribution over a geographical region of interest. A sensor node by itself has severe resource constraints, such as limited memory, battery power, and signal processing, computation and communication capabilities; hence it can sense only a mall portion of the environment. However, a group of sensors collaborating with each other can accomplish a much bigger task efficiently. With integration of sensing, computation, and wireless communication, the sensor nodes can sense physical information, process crude information, and report them to the sink or base stations that can make application specific decisions and link to the outside world via the Internet or satellites [1, 2] .
WSN is mainly distinguished from the conventional wireless ad hoc network by their unique and dynamic network topology which owing to the time-varying link condition and node variation, diverse applications focuses on different sensory date requirement in terms of quality of service (QoS) and reliability. Furthermore, sensor nodes' limitation in power, computational capacities and memory are often deployed in large numbers and high density, for example to sense, process, and disseminate information of physical environments, thus resulting in upstream direction traffic from the sensor nodes to the sink whereas conventional networks are mostly point-topoint or point-to-multipoint data forwarding. Therefore, one needs to carefully cope with such problems as energy conservation, reliability, and quality of services (QoS) to meet application requirements.
Our major in this paper focuses on the coverage problem of WSN. Coverage is a fundamental research issue in WSN because it can be considered as the measure of QoS of sensing function for a sensor network. For example, in an application of forest monitoring, one may ask how well the network can observe a given area and what the chances are that a fire starting in a specific location of forest will be detected in a given time frame. Additionally, coverage formulations can try to find weak points in a sensor field and suggest future deployment or reconfiguration schemes for improving the coverage performance. In practice, the coverage usually involves two basic sides [3] :
How to evaluate the coverage performance when sensor nodes are deployed in a monitoring region; How to improve the coverage performance when wireless sensor network cannot effectively satisfy application requirements. Many researchers are currently engaged in developing solutions that fulfill diverse requirements, at the same time, numerous algorithms that relating to coverage have been proposed. Some algorithms focus on pure coverage problems to characterize the coverage of WSN. Others integrate some considerations for optimizing the utilization of network resources or for supporting specific application requirements (for example, network connectivity, energy consumption) into coverage problem. To offer guaranteed coverage, the essential point is to solve the coverage problem with sufficient available resources and possibly to incorporate optimizations. Among numerous challenges, when designing an efficient coverage scheme, maintaining connectivity and maximizing the network lifetime stand out as the critical challenges. This paper presents a thorough survey of the existing coverage schemes for WSN, and it also outlines several open problems. The purpose is to provide a better understanding of coverage technology and to stimulate new research directions in this area.
The remainder of the paper is organized as follows. We introduce some design criterions in coverage problem for WSN that followed by the related problem in other fields. Next, we classify coverage schemes into three categories: point coverage, area coverage and path coverage, what is more, we make a summary and comparison of existing coverage scheme for WSN. After that, we outline two directions that should be further studied in the design of coverage scheme. Conclusions are drawn in the last section.
II. DESIGN CRITERIONS
The coverage problem is centered on a fundamental question: "How well do the sensors observe the physical space?" On some occasions, we need to consider about kcoverage (Given any integer k, a monitored region R by WSN if and only if each point in R is covered by at least k sensors). For example, in wireless sensor networks, because energy depletion, harsh environmental conditions, and malicious attacks may result in node failures or become inoperative at any time, it is desirable to have higher degrees of coverage.
The goal is to have each location in the physical space of interest within the sensing range of at least one sensor. Depended on different objectives and application requirements, there are different factors analyzed in designing coverage schemes. In this way, a fair comparison among existing scheme has to be taken into consideration, since these factors affecting the coverage performance of WSN. Generally, there are many different criterions (factors) can affect the coverage performance of WSN. While it is impractical to cover all the possible factors, in this paper we review a wide range of factors that have dominating effect.
Deployment strategy: random versus deterministic. A deterministic deployment (such as grid deployment) is where and how many of sensor nodes placed can be predetermined. Deterministic sensor placement can be applied to a small to medium sensor network in a friend environment. In remote or inhospitable areas, or for military and disaster applications, or the network size is large, the exact positions and number of sensor nodes cannot be engineered or predetermined. Therefore, random deployment, where sensor nodes are distributed within the field stochastically and independently (e.g., air-dropped, scattered from an aircraft or launched via artillery), is required exclusively.
Sensing model: there are two mainly two different sensing models: one is Boolean sensing model where each sensor has a fixed sensing area and a sensor can only sense the environment or detect events within its sensing area. The Boolean sensing model assumes that sensor readings have no associated uncertainty. In reality, sensor detection is imprecise hence needs to be expressed in probabilistic terms, namely the probabilistic sensing model, in which the detection probability of object or event and the sensor's sensitivity decreases as the distance increases.
Sensing area: Where a sensor can detect an object or phenomena are inside its sensing range deterministically (a sensor can detect an object as long as the object is inside its sensing rang) or probably (the detection probability of an object is a function of the distance between the object and the sensor) depended on its sensing model. Generally, the sensors are assumed to have the same range. For example, the sensing area is considered to be isotropic (e.g., a circular area in 2-D). Moreover, there are several mechanisms that are extensible to any convex, no uniform sensing areas or irregular sensing areas.
Communication ranges: different general sensor having invariable transmission range, some sensor's radio transceiver is capable for changing its transmission power in continuous steps to achieve different communication ranges. Practically, the actual communication ranges may also be affected by many external factors such as the height of the sensor and its surrounding objects.
Algorithm Characteristics: a coverage scheme can operate in either a centralized or distributed. In the former case, the coverage algorithm is executed in a central node. In this case, information from all nodes needs to be transferred to the central node. In distributed (localized) scheme, the coverage algorithm is executed based on information from only some nodes (e.g., neighboring node within a constant number of hops) in WSN, and the decision is made locally. Although the approach of centralization can provide more accurate information for coverage scheme, it incurs more communication overhead and energy consumption.
Sensor mobility: the coverage performance of stationary sensor network can be determined by the initial network configuration, and it remains unchanged over time after deployment. Contrarily, by mobile sensors mounted on mobile platform (such as mobile robot), mobile sensor network can improve or maintain coverage performance by sensor mobility. It is extremely valuable in situations where deployment mechanisms fail or coverage maintenance. The coverage of mobile network depends not only on the initial configurations, but also on the mobility behavior of the sensors.
In addition, failure model, location information, time synchronization, scalability, robustness, adaptivity and so on, is also factors affected for coverage schemes in wireless sensor networks.
Ⅲ THE RELATED PROBLEM Coverage problems have been formulated in other fields. These problems greatly relating to the coverage in WSN include Art Gallery Problem, Circle Covering Problem, and Robotic systems coverage.
Art Gallery Problem (AGP): Imagine that the manager wants to place cameras in the gallery such that the whole gallery is thief-proof. Namely, one seeks to determine the minimum number of cameras that can be placed in a polygonal environment, such that every point in the environment is monitored by at least one camera. There are two questions arising: how many cameras are needed, and where these cameras should be deployed. This problem is usually modeled as a simple polygon on a 2D plane. A simple solution is to divide the polygon into non-overlapping triangles and place on camera in each of these triangles. Although this problem can be solved in polynomial time optimally in a 2D plane, but it is showed to be NP-hard when being extended to a 3D space.
Circle Covering Problem (CCP): Given a fixed number of identical circles, the goal of CCP is to minimize the radius of circles that can fully cover a given plane. Namely, How to arrange identical circles on a plane that can fully cover the plane? Some approaches given number of circles are discussed, however, a universal method has not been found.
Robotic systems coverage: There is mainly three type's coverage in many-robot systems. The first is the blanket coverage, where the goal is to achieve a static arrangement of sensors that maximizes the total detection area. The second type is the barrier coverage, where the goal is to achieve a static arrangement of nodes that minimizes the probability of undetected penetration through the barrier. The third is the sweep coverage is more or less equivalent to a moving barrier.
The above problems are similar to the nature of coverage problems in WSN: need to know whether an area is sufficiently covered and monitored. These results also provide some theoretical backgrounds to the coverage issue. However, solutions of these problems are not directly applicable to WSN because of different criterions (for example, a camera in AGP can see infinite distance unless there is an obstacle, whereas a sensor has the maximal sensing ranges.). Besides, dynamic topology and distributed manner of WSN also limit application of solutions of these problems.
Ⅳ CLASSIFYING COVERAGE SCHEMES
Extensive research efforts have been made to develop energy efficient schemes integrating coverage and connectivity for WSN. Depended on the coverage objectives and applications, they can be roughly classified into three categories: area coverage, point coverage, and path coverage. They are first briefly summarized here:
Area coverage: where the main objective of the sensor network is to cover (monitor) a region (the collection of all space points within the sensor field), and each point of the region need to be monitored.
Point coverage: where the objective is to cover a set of point (target) with known location that need to be monitored. The point coverage scheme focuses on determining sensor nodes' exact positions, where guarantee efficient coverage application for a limited number of immobile points (targets). Generally, it can be solved as a special case of the area coverage problem when sensor nodes' number may leave out of account Path coverage: where the goal is to minimize or maximize the probability of undetected penetration through the region.
Ⅴ SOLUTIONS TO AREA (POINT) COVERAGE Firstly, we briefly introduce how to evaluate the coverage performance of a region covered by WSN. Given a set of sensors deployed in a monitored region, coverage-evaluating problem is to determine if all points in the region is sufficiently k-covered, in the sense that every point in the target area is covered by at least k sensors, where k is a given parameter. Rather than determining the coverage of each point, an efficient polynomial-time algorithm [3] that who tries to determine whether the perimeter of a sensor under consideration is sufficiently covered, was proposed. For each sensor, by counting all intersection points between the perimeters of sensors' sensing areas and between any sensor' sensing area and the boundary of this region, it can claim that the monitored region is k-coverage by WSN if all intersection points are k-covered [4] .
The area coverage problem is mostly studied in coverage problem, while, it also emphasizes coverage with minimum sensor nodes and energy consumption when the region is covered by connected WSN.
Coverage Configuration Protocol (CCP) [5] -the goal of this protocol is to achieve to the guaranteed different degrees of coverage and connectivity while maximize the number of sleeping, and to allow WSN to self-configure for a wide range of applications when the communication range is more than twice as the sensing range. The work in [4] shows that coverage will imply connectivity if the communication range is greater or equal to twice the sensing range. To ensure K-coverage, a node only needs to check whether the intersection points inside its sensing area are K-covered. Note that it cannot guarantee network connectivity when the radio transmission range is less than twice the sensing range. Therefore, by combing CCP with SPAN (a distributed connectivity preserving mechanism for multi-hop ad hoc wireless networks that reduces energy consumption without significantly diminishing the connectivity of the network), the coverage and connectivity can be guaranteed in any case. In CCP, sensor nodes need accurate location information and a neighborhood table.
Adaptive Self-Configuring sEnsor Networks Topologies (ASCENT) [6] -in a high density WSN, by using sensors' self-configure to automatically establish network topology, a certain data delivery ratio can be achieved while allowing redundant sensors to stay asleep in order to conserve energy. The main idea of ASCENT is to let sensors measure their connectivity as well as their data loss rate and activate their neighbors based on these local measurements. Note that ASCENT does not guarantee network connectivity in any sense (the network could be partitioned), although the delivery of data indicates that there is a certain level of connectivity. Each node assesses its connectivity as well as their data loss ratio and each of them adapts its participation in the multi-hop network topology based on the measured monitoring region. In ASCENT, nodes require perneighbor state to keep track of the number of active neighbors, and do not need accurate location information.
It is a disadvantage of ASCENT that working nodes never go back to sleep.
Optimal Geographical Density Control (OGDC) [7] -this is a decentralized and localized density control scheme based on the proof that if communication range is at least twice of the sensing range, then a complete coverage of a convex area implies connectivity. It can configure a sensor network with the characteristics of full-coverage, network connectivity, and maximum energy conservation by assuming that the sensor density is high enough so that a sensor could be found at any desirable position and the sensing range could be different for sensors. The goal of OGDC is to maximize the number of sleeping sensors while ensuring that the working sensors provide 1-coverage and 1-connectivity. By using its own location and the working sensors' locations, a sensor can verify whether or not it turns on. When a sensor minimizes the overlapping area with the existing working sensors and when it covers an intersection point of two working sensors, itself will be activated. When the radio transmission range is at least twice the sensing range, OGDC can maintain both 1-coverage and 1-connectivity. In OGDC, sensor nodes need accurate location information and time synchronization, and working nodes never go back to sleep, but different nodes may be working in different rounds so energy consumption may still be balanced among all the nodes.
K-neighbors Constrained Coverage Strategy (KCCS) [8] -this is a self-deployment strategy for mobile sensor network. In KCCS, by using virtual forces governing the pair-wise interaction between sensor nodes, every node tries to maximize its coverage while maintaining the required number of neighbors. In KCCS, The pair-wise interaction between nodes is governed by two kinds of virtual forces -one cause the nodes to repel each other to improve their coverage and the other is an attractive force that prevents the nodes from losing connectivity. The goal of KCCS is to maximize the area coverage of the network with the constraint that each of the nodes has at least K neighbors by using a combination of the above two forces. The disadvantage of KCCS is that their is a strong assumptions it makes on the capabilities of the nodes -in particular the ability of each node to measure the exact range and bearing of the neighboring nodes and obstacles.
Random independent scheduling (RIS) [9] -the goal of RIS is to determine the appropriate number of sensors that are enough to achieve k-coverage of a region when sensors are allowed to sleep most of their lifetime for extending network lifetime. It assumes that time is divided into cycles based on a time synchronization method. In RIS, independently sleeping approach that is energy-efficient and light-weight because each sensor doesn't require any interaction with their neighbor that can make a sensor is active with probability p or go to sleep with probability 1-p. RIS does not require location information and the table of neighborhoods, but it is not robust against unexpected failures that destroy the sensors before they run out of energy because the sensors do not dynamically evaluate their situation.
Connected Dominating Coverage Set (CDCS)
[10~12] -this scheme is base on the observation that all sensors can be divided into disjoint sets such as that every set completely covers all points (targets). When each set can cover all points (point coverage) and monitoring region (area coverage), by activating disjoint set successively, the sensor network lifetime can be extended.
Lightweight deployment-aware scheduling (LDAS) [13] -the goal of LDAS is to maintain long network lifetime as well as sufficient sensing areas. Similarly the previous technique turning off redundant sensors, the method of LDAS analyzes the redundant sensing areas among neighboring wireless sensors. Because it is assumed that sensor nodes are not equipped with GPS or other devices to obtain location information, LDAS provides tight upper and lower bounds on the probability of complete redundancy and on the average partial redundancy. In LDAS, when the number of working neighbors exceeds a threshold determined by the application's requirement on sensing coverage, the node randomly selects some of its neighbors to turn off and sends tickets to them. When a node collects enough tickets from its neighbors, it may enter the off duty mode after a random back-off period. [14] -a cluster-based protocol architecture for micro sensor networks that combines the ideas of energyefficient cluster-based routing and media access together with application-specific data aggregation to achieve good performance in terms of system lifetime, latency, and application-perceived quality. The goal of LEACH is turning off non-head nodes as much as possible. In LEACH, the operation is divided into cycles and each cycle includes a set-up phase and a steady phase. During the set-up phase, cluster heads are selected and each sensor joins a cluster by choosing the cluster head that requires the minimum communication energy. During the steady phase, each cluster head aggregates the data from the sensors in its cluster and then transmits the compressed data to the base station. LEACH enables selforganization of large numbers of nodes, algorithms for adapting clusters and rotating cluster head positions to evenly distribute the energy load among all the nodes, and techniques to enable distributed signal processing to save communication resources.
Low-energy adaptive clustering hierarchy (LEACH)
We observe that area coverage schemes usually assume that sensors have a simplistic model of propagation, where sensors have a homogeneous or heterogeneous disk model. By formulating coverage problem as a set of intersection problem that studied in integral geometry, the coverage problem for sensing areas of sensors having any arbitrary shape is researched in [13] . However, other constraints (e.g., connectivity, energy consumptions) have not been analyzed. All schemes discussed above have assumed that the WSN is deployed for monitoring (sensing) events occurring in deployment region (e.g., all region or some static points) and thus they have not considered about the penetration coverage in the coverage scheme design. Indeed, many applications may require considering about the target penetrating through the coverage region by WSN. For example, sensor network deploying in a battle field is to detect enemy movements. It is been shown in [15] that maximal breach (support) path are defined as the paths on which the distance from any point to the closest sensor is maximized (minimized). By combining computational geometry and graph theoretic techniques, specifically the Voronoi diagram, the Delaunay triangulation and graph search algorithms, polynomialtime algorithms are proposed to find such paths.
Distinct from the breach and support paths, the concept of time should be included to reflect more realistic probability of a moving target being sensed since the sensing ability of sensors can be improved as the allotted sensing time (exposure) increases. The minimal exposure and the maximal exposure paths which have been taken into account the duration that an object is monitored by sensors is addressed in [15, 16] , where exposure is a measure of how well a target, moving on an arbitrary path, can be observed by the WSN over a period of time. Mathematically, the exposure of a moving object it is defined as the path integral of a sensing function that is inversely proportional to the distance of the target from a sensor. The exposure is a path-dependent value, and it provides valuable information about the worst-case coverage of a sensor field. Given two end-points A and B in the sensing field, different paths between them are likely to have different exposures. The difference between the two lies in the fact that a maximal exposure path focuses on all the time spent during an object's traversal, whereas a maximal support path considers a given time instant.
An example is shown in Fig.1 , A is a sensor and an object moves form point S to point D with a constant speed. There are three possible paths. Although path 3 is the farthest path from A, it is also the longest path. The object moving along this path would take longer time, thus tracked by A longer. In contract to path 3, path 2 is the shortest path. If the object moves along this path, it is tracked by A for the least period of time. However, path 2 is closest to A and the sensing intensity would be strongest. As a result, path 1 might be the least exposure path among these three paths.
By dividing monitoring region into grids and force the path to only pass the edges of girds and/or the diagonals of grids, and each line segment is assigned a weight equal to the exposure of this segment, a numerical approximation approach [16] is proposed to find the minimal exposure path. In [16] , by using a grid the problem is transformed from the continuous domain into a tractable discrete domain. The minimal exposure path is then restricted to straight line segments connecting any two consecutive vertices on the grid. This approach transforms the grid into an edge weighted graph, and computes the minimal exposure path using Djikstra's single-source shortest path algorithm or Floyd-Warshal's all-pair shortest path algorithm.
By regarding the minimal exposure path as the worstcase coverage, a distributed localized algorithm based on variational calculus is proposed in [17] , which propose some heuristic solutions for the maximal exposure path. Additionally, a grid-based approximation algorithm is used to find expressions for the minimal exposure path for the cases of single sensor and multiple sensors.
When monitoring region is a belt (e.g., castle surrounded by moats and International borders), the concept of k-barrier coverage of a belt region is defined. An efficient algorithm for determining whether it is k- barrier covered that it is proposed in [18] and a deterministic deployment pattern to achieve k-barrier also is designed. Furthermore, weak (strong) barriercoverage is defined as with high (low) probability guarantees the detection of intruders as they cross WSN. A Localized Barrier Coverage Protocol (LBCP) [19] is designed for solving weak (strong) barrier-coverage problem and maximizing the network lifetime. The key idea is based on that the observation movements are likely to follow a shorter path in crossing a belt region, local barrier coverage guarantees the detection of all movements whose trajectory is confined to a slice of the belt region of the deployment.
Ⅶ MOBILE SENSOR
In some situations where terrain knowledge is available a priori, nodes could be placed deterministically, while in others, due to the large scale of the network or inaccessibility of the terrain, resorting to random deployment is perhaps the only option. However, as it turns out, random deployment often does not guarantee full coverage, resulting in accumulation of nodes at certain parts of the sensing field while leaving other parts deprived of nodes.
To overcome the problem of coverage holes (uncovered zones), we could either increase the number of static nodes (i.e. make a dense WSN) or increase the sensitivity of the sensors (increase the sensor sensing range). The former choice implies a higher cost and excessive radio interference while the latter may not be feasible either due to the signal propagation characteristics that an event emits in the environment or possible increase of the false alarm rates of the system. An alternative approach to address the problem is to employ mobile nodes, e.g. nodes mounted on robots.
Traditionally, WSN has been viewed as a stationary network (e.g., the aforementioned researches), where the coverage can be determined by the initial network configuration and remains unchanged at any given time. However, it has recently been recognized that mobility sensor can turn into a useful ally and the coverage can change overtime. Mobile sensor nodes are equipped with locomotive platforms and can move around after initial deployment, for example, the mobile sensor nodes Robomote and iMouse. Although in general a mobile sensor node is more expensive than its stationary compeer, it can serve much functionality such as a data relay and greatly improve many network performances such as enhancing timeliness of data report [4] .
Mobile sensor can prolong the lifetime and increase the connectivity of sensor nodes, where maintain or improve coverage of WSN [20~23] . For example, a position is never covered or a target is never detected in a stationary network can now be covered or detected by moving sensors. When a mobile sensor node is designed for improving network coverage needs to address the three following questions:
How to exploit mobility to relocate nodes to optimal locations to maximize coverage?
How to decide the existence of a coverage hole and how to estimate the size of a hole? Where to relocate a mobile node and when should a mobile node be stabilized at a location? What are the best target locations to relocate mobile nodes to repair coverage holes? How to dispatch mobile nodes to the target locations while minimizing the moving and messaging cost? In short, the design of a node movement strategy for improving network coverage needs to address the following question: Where to move and how to efficiently move mobile modes such that network coverage can be optimized?
In one random network deployment, it is not uncommon that the covered area of a sensor overlaps others' even if nodes are uniformly scattered. In a mobile sensor network where all nodes can move around, the mobile nodes can adjust their positions after initial deployment in order to reduce their overlaps and maximize area coverage. The coordination of mobile nodes' movement is a much challenging issue in a mobile sensor network. A node's movement may change the already covered area of itself and its neighbors and become a cause for other nodes to move, which may cause the oscillations of nodes' movement and nodes may never be stopped.
Some of the deployment strategies take advantage of mobility to relocate nodes to sparsely covered regions after an initial random deployment to improve coverage. By the combination of attractive and repulsive forces determining the new sensor locations, a virtual force algorithm (VFA) is proposed for maximizing the monitoring field coverage after an initial random placement of sensor network [22] . In VFA, once the effective sensor positions are identified, a one-time movement with energy consideration is carried out. The sensor network which cooperates with the team of robots in order to provide coordination for both the construction of the path and for guiding the robots introduced by [23] , and Two distributed algorithms for path construction are also presented. To minimizing the resource cost of motion itself, a constrained form of mobility based on the node learning architecture and network protocol implementing distributed motion control of nodes are presented in [24] . Some dynamic aspects of coverage depended on the process of the sensor nodes movement was shown in [25] , for example, area coverage at specific time instants and during a time interval. Moreover, some algorithms for identifying coverage holes and computing the desired positions where sensors should move so as to improve the coverage are also proposed [26, 27] .
Ⅷ OPEN PROBLEMS
As we discuss in previous sections, current researches in coverage of WSN consider either area (point) coverage or path coverage, except for mobile sensor. Some schemes focus on evaluating the coverage performance and others improving the coverage performance. Some schemes consider about stationary network and others mobile network. However, the existing schemes for the coverage of WSN have two primary limitations. Firstly, in the literature most existing works assume that the boundary of sensing and communication of sensor node is a perfect circle which is a known and static radius in considering the coverage problem. That is, the sensor coverage model is the sensing disk model where a sensor can cover a disk centered at itself with a radius equal to a fixed sensing range. In this model all events within the circular disc are assumed to be detected with probability 1. However, the sensing pattern of sensor node is influenced by themselves (for example, insufficient hardware calibration) and other factors (such as obstacles, environmental conditions, and noise) [28~30] . Fig.2 shows the effect of obstacles on the sensing region of sensor node. Therefore, the sensing ranges are very irregular and dynamic in real situation for wireless sensor network, which usually employ low quality radio modules to reduce the cost. Additionally, there are some sensors having a sector sensing range, such as the directional antenna. Despite the results based on the simplified theoretical sensing coverage model could reveal high-level insights or guidelines, it could cause an all-too-common problem found today where solutions developed by simulation and analysis do not work in the real world. The irregularity is a common issue in wireless sensor networks, so it is unwise for developers to continue to ignore this reality.
Additionally, Most of the coverage protocols assume location-aware nodes. However, location estimates using available sensor localization protocols is not very accurate. Therefore, there is a need to evaluate the effect of location in-accuracies on the performance of various coverage protocols.
Secondly, by leveraging mobile nodes, many networkwide performance metrics inclusive coverage can be greatly improved than the traditional approach by deploying a great amount of stationary sensor nodes and then apply coverage control algorithms to schedule sensors' activity in an efficient way. However, the movement of sensors might be caused by the environment they are in (such as winds, currents, and etc.) or by the actuator they have. Mobile nodes are generally expensive than their stationary compeers, and they are often considered as rich of resources such as more battery supply, advanced computing and more storage. Additionally, the previous works assume random movement of nodes without considering any mobility models. In applications where nodes move around in a certain pattern, mobility could further be exploited to improve coverage and connectivity. On the one hand, mobility poses challenges in guaranteeing coverage at all times, while on the other hand, it enables nodes to cover areas that would have been left uncovered using only static nodes.
Thirdly, with the growing research interest in underwater sensor networks for marine life and coral reef monitoring, a variety of applications, such as oceanographic data collection, pollution monitoring, and offshore explorations pose many challenges to the coverage-connectivity problem. Many extensive researches have been done in the context of 2D terrestrial networks. However, since a 3D network is still a novelty, many fundamental problems have largely been unexplored in the context of a 3D network. There are many important problems in sensor network design where the physical dimensionality of the network plays a very significant role and the optimal solution of such a problem in a 3D network is quite different from the optimal solution in a 2D network. Since the density of nodes to completely cover a three-dimensional region is prohibitively higher than the corresponding twodimensional case, sensors deployed in a threedimensional setting, like in underwater or in the atmosphere, should collaborate with each other to regulate their depths according to their sensing ranges in order to achieve complete three-dimensional coverage.
Fourthly, according to the application requirements the existing coverage schemes for WSN adjust the state of sensor nodes. Although the connectivity of WSN is considered, the other properties (e.g., routing, location) are not incorporated the coverage schemes. In practice, the coverage scheme can induce the changes of nodes' states to bring the change of other properties. For example, when a node is from active to asleep, some routings will break.
Ⅸ CONCLUSIONS AND FUTURE DIRECTIONS
This paper reviewed the design considerations for coverage problems in WSN, and it presented the existing solutions, and discussed the open problems in coverage of WSN.
The existing researches focus on the following consideration: evaluating and improving coverage performance of area (point) and path coverage, while maintaining connectivity and maximizing the network lifetime. Although many schemes have been proposed and progress has been made in coverage problems of WSN, there are still many open research issues..
More authentic model of sensor nodes must be incorporated with the coverage schemes in order to perform various real applications excellently. Effective coverage scheme should be proposed to implement real applications but limited to theoretical study. Therefore, most existing centralized solutions need to be developed include the distributed and localized algorithms or protocols. The mobile sensor problem in WSN still must be solved perfectly.
